1 Abstract-In this work, an inductive wireless power transfer module powered by resonant converter is studied. The system consists of a zero voltage switching resonant converter and a rotary wireless power transmitter. The design of the rotary wireless power transmitter is presented. Simulation and experimental studies of the system confirm reliable operation of the power electronic converter with a wide range of loads. The zero voltage switching is maintained without significant adjustments in the switching frequency. This improves the system stability with variations in the air gap between transmitting and receiving modules or the magnetic coupling ratio. The studied system is suitable for powering loads placed on a rotating platform or other applications where the disadvantages of moving electrical contacts are undesirable.
I. INTRODUCTION
In the recent years, wireless power has already become common in our everyday life and has the potential for numerous applications in the manufacturing and transportation sectors [1] . The development of this field of Power Electronics is also a result of the advances in manufacturing of power electronic switches and passive elements in the decades before. The optimized operation of the power electronic converters and newly developed ferromagnetic materials with improved characteristics lead to a reduction of losses, improved magnetic coupling, and efficiency of the conversion. The manufacturing of magnetodielectric materials allows for a variety of magnetic core and concentrator designs. All the above-mentioned opens new horizons for development of wireless power transmitters that can replace ordinary mechanical contact systems for supplying power to rotating parts, which could result in increased reliability and reduced maintenance of the manufacturing equipment.
Wireless transmitters are the basis for the production machines, conveyor, and production lines upgrade. It allows to supply power to loads in linear or rotational motion. These loads are often mechanically fixed units that position and feed the workpiece into the machining tool or other type of module during the manufacturing process. Once the operation is complete, the workpiece is moved to the next manufacturing stage and a new one is positioned in its place. Thanks to the wireless transmission of power [1] , [2] , the positioning and feeding stands could keep their continuous movement during the production cycle. Their design is determined by the type of a workpiece and the machining steps. Mostly, they perform the following actions: catching a detail from a conveyor belt, directing and positioning, feeding a detail to a processing tool, deriving a detail from operation, and transmitting it to an output conveyor belt. The system described above can be constructed in two ways: via a linear or rotating motion of the positioning stands.
The simultaneous processing of a large number of operations requires synchronization between the positioning stand units. Sensors and limiters are used to monitor their status and position in order to keep them synchronized. There are also feedback signals from encoders for start, stop, overload, etc. Some of these signals have to be exchanged between the transmitter and the receiver controllers [3] - [5] , which involves also wireless transmission of data and control signals.
A cross-section of a Rotating Platform (RP) is depicted in Fig. 1 , which illustrates its structure and principle of operation. The driving motors and pneumatics, part of the synchronizing sensors common to all positioning stands, and a Rotary Wireless Transformer (RWT) are also shown.
Wireless power transmission impose a number of requirements for the design of high-frequency power supplies (most often resonant converters) due to the air gap and the movement of the transmitter and receiver. This results in weak coupling and increase of the leakage inductance [6] - [8] . Besides, a change in the resonant circuit parameters induce a change in the resonant frequency [9] . The Zero Voltage Switching (ZVS) operation of the circuit demands precise regulation of the switching frequency in order to maintain stable output characteristics of the converter [10] , [11] . RWT is the module that provides power to consumers situated in the RP. Ripple and voltage drops have to be avoided in order to ensure a reliable power for the loads. Nevertheless, efficiency is also a concern in wireless energy transfer. For this purpose, the precise design and analysis in various operating modes of the RWT and the power electronic converters are required, taking into account the size of the air gap and the positioning between the transmissions and receiving parts [12] - [16] .
Subject to this study is a wireless rotating transformer powered by a zero-voltage switching resonant converter with improved characteristics designed for this particular application.
II. ROTARY WIRELESS POWER TRANSMITTER

A. ZVS Power Converter
A Zero Voltage Switching (ZVS) resonant converter is used in the studied contactless power supply system. The resonant converter power circuit is presented in Fig. 2 . The primary winding of the transformer for wireless energy transmission Tr is connected to the alternating current circuit of a series resonant inverter. The MOSFET T1 has a body diode, which is not depicted in the figure. The operation of this circuit by ZVS and zero current switching is studied in numerous sources, including [10] , [11] . A bridge rectifier with CLC filter is connected to the secondary winding of the transformer [17] . The circuit design for achieving ZVS operation and high performance of the converter within a broad range of loads are detailed in [10] . In this work, the resonant converter is used to power a rotary wireless transmitter.
B. Design of RWT and Electromagnetic Processes
There are two basic RWT structures -axial (A) and radial (R) [1] , [12] , [18] .
The cross-section of the radial rotary transformer used in the construction of the RP is shown in Fig. 3 . In this figure, the main geometric parameters of the RWT are depicted. The main design symbols and dimensions are as follows: Lw is the length of both coils and Wr, Wt are the widths of the receiver and transmitter coils. The transmitter and receiver widths are Cr and Ct, respectively. R1 is the internal radius of the RWT fixed to the diameter of the rotation shaft, R2, R3 are radiuses defining the width of the RWT coils, R4 is the external radius of the RWT, a, b, c, d, e, and f are the geometric dimensions of the respective parts of the core,  is an air gap, and b, e define the minimal section of the receiver and the transmitter.
By optimization of the Lw, Wr(t), and Cr(t) geometric dimensions, an improvement of the magnetic coupling between both coils and reduction of the parasitic parameters can be achieved [7] , [8] , [15] , [16] .
With R the magnetic reluctances of the RWT chassis parts are denoted. They form a magnetic circuit with lengths l(n) as the intensity H of the field through them is constant. The sum of the individual lengths gives the average length of the magnetic core
The "L" shaped equivalent circuit is used for the modelling of the transformer (Fig. 4) . The electromagnetic energy stored in a volume V comprising the RWT core, air gar, the primary winding leakage inductance LL1, and the magnetizing inductance LM1,
The field in of the transmitting and receiving coils for the distance x (R2 < x <R3 - Fig. 5 ) and the field strength in the air gap are defined by the following expressions: 
where I1, I2 are the currents through the transmitting and the receiving coils, N1 and N2, respectively, are the number of turns of the transmitting and receiving windings. The equations describing the equivalent magnetic circuit are used to express the magnetizing inductance. It consists of the magnetic reluctances of the core and the air gap. The equivalent magnetic reluctance of the equivalent circuit is
and
where l(n) and S(n) are the length and the ? is the cross sectional area of the respective part; μM is the magnetic permeability of the material. From (10) and Fig. 4 the magnetizing inductance is expressed as:
The currents flowing through the transmitter and receiver coils generate the magnetic fluxes Φ1 and Φ2 as depicted in Fig. 6 .
The main flux generated by the currents flowing through both coils 0 
where i1 is the current flowing through the transmitter coil [2] , [8] - [10] . This magnetic circuit of the RWT is described by the following expressions
From (13)- (15), numbers of turns of the primary and secondary coils are expressed:
where Smin is the minimum cross-sectional area of the magnetic core, ∆B is the flux density, UE is the power supply voltage, f is the working frequency, and Uout is the output voltage.
The simulation results of the designed radial RWT are presented in Fig. 5 . The analysis of these results shows that the designed core also shields the field and satisfies the electromagnetic compatibility criteria due to the flux density outside its magnetic core is less than 15 µT. The unequally distributed flux density is stronger in the direction parallel to the rotational axis (2.63 mT-3.07 mT). According to existing standards for electromagnetic field dissipation, the approved safety levels for frequencies up to 150 kHz are B = 27 µT.
III. SIMULATION AND EXPERIMENTAL RESULTS
The electromagnetic parameters of the RWT are strongly dependent of to the coupling ratio k, and thus of the air gap between both windings. In order to test the design, experimental studies are conducted with the developed RWT prototype presented in Fig. 7 . The inner and outer radius (R2 and R3 in Fig. 3 ) of the transmitting and receiving windings are 20 mm and 75 mm, respectively. During the design stage, the magnetic coupling ratio is being calculated for air gap values in the range from 2 mm to 20 mm [2] . In Table I , the experimental results with an active load in the receiver coil are presented. The active power and the efficiency are calculated by the following formulae:
and 21 , / PP  
where cos is the power factor, P1 and P2 are the active powers in the transmitter, and receiver coils, respectively. According to the presented experimental results, maximum efficiency is achieved by values of the coupling ratio k between 0.6 and 0.8. Values of the coupling ratio lower than 0.2 lead to a significant decrease in the efficiency. These coupling ratios correspond to air gaps values larger than 20 mm and ratio of the air gap and transmitter coil diameter higher than 0.25. According to the results, the average efficiency of RWT is 94 % at 500 W of power transferred to the load.
In order to study the ZVS converter operation, computer simulations and experimental tests are implemented. The values of the circuit parameters (Fig. 2) are: Ud=60 V, Lk=75 μH, Ck=0.15 μF, L1=28.6 μH (primary RWT inductance), L2=6.8 μH (secondary RWT inductance), Cf1=100 μF, Cf2=10 μF, Lf=100 μH, Rt=2.2 Ω, f=38.5 kHz, and the RWT magnetic coupling ratio is 0.8. In Fig. 7 , the RWT used in the experimental study is shown.
In Fig. 8 , the simulation results of the power electronic converter are presented: uT1 is the voltage across the transistor T1 and iLk is the current flowing through the inductance Lk. In Fig. 9 , the experimental waveforms of uT1 (depicted in green) and iLk (blue) are presented. The current iLk is measured by the voltage across a shunt resistance of 0.1 Ω (connected in series to Lk). From the comparison of these results, it is found that there is a very good concurrence (less than 5 % difference). The waveforms of: the voltage across the primary RWT winding uPRIM, the voltage across the secondary RWT winding uSEC, the currents through diodes D1 and D2 -iD1 and iD2, respectively, and the voltage across the load U0 are presented in Fig. 10-Fig. 12 .
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From the analysis of the results, it can be observed that T1 peak voltage is around 160 V, while the uPRIM voltage ripple is 16 V and the secondary uSEC is 6 V. This is due to the fact that the output transformer is behaving like a current transformer; that is, the parameters have a weak influence on the resonant circuit. The difference between the simulated and measured values is less than 5 %, which confirms the proper design of the transformer and the ZVS resonant converter. The precision of the simulation results can be improved by a more detailed modelling of the RWT for contactless power transmission [6] - [8] . In Fig. 12 , the waveform of the rectifier output current (before the CLC filter) measured with a 0.1 Ω shunt resistor (connected between rectifier and CLC filter) is presented. Figure 13 presents the results of a study of the operating mode of the converter at a load change in the range of 50 % to 150 % of the nominal value.
It can be seen that despite such a considerable change of load, the converter continues to operate in the ZVS mode.
IV. CONCLUSIONS
A converter with contactless power transmission and ZVS is proposed. With presented basic ratios for the magnetic circuit, a rotary transformer is designed. To ensure ZVS operation, the implementation and appropriate tuning of the control system is necessary.
The simulation and experimental results confirm proper operation of the power electronic converter. ZVS operation is maintained over the range of variation of the load and magnetic coupling of the transformer.
The results demonstrate that the studied system is suitable for powering loads fixed on a platform rotating with high speed and charging energy storage elements, such as supercapacitors or batteries as well as other applications, in which significant variations in the load occur [11] .
The presented design methodology, analysis of the prototype construction, and experimental study are a solid base for future design optimizations of RWT with numerous possible applications for inductive wireless power.
On the other hand, the implemented ZVS DC-DC converter with improved characteristics ensures stable and reliable operation of the system in a broad range of parameter fluctuations.
